A global electromagnetic gyrofluid model based on the full-F gyrokinetic model is derived. The gyrofluid moment variables are not split into fluctuating and equilibrium parts. Profiles are evolved freely, and gyro-averaging operators are not parametrized, but are functions of the gyrofluid moment variables. The fluid moment hierarchy is closed by approximating the gyrokinetic distribution function as a finite order Hermite-Laguerre polynomial and by determining closure approximations for terms involving the gyrokinetic gyro-averaging operator. The model exactly conserves the gyrokinetic full-F energy invariant evaluated using the Hermite-Laguerre decomposition. The model is suited for qualitative studies of the interplay between turbulence, flows, and dynamically evolving profiles in magnetically confined plasmas. [http://dx.
I. INTRODUCTION
Gyrofluid models and fluid models, in general, are widely applied in studies of basic plasma phenomena. The reduced dimensionality compared with more precise kinetic models provides much less computationally expensive tools to advance the understanding of plasma turbulence and the associated transport.
Non-linear simulations of the edge and scrape-off-layer (SOL) regions in magnetically confined fusion plasmas are particularly numerically demanding. These regions are characterized by fluctuation amplitudes that approach or even exceed unity. This especially holds true in the SOL which is dominated by intermittent transport 1 mainly carried by coherent structures created in the vicinity of the last closed flux surface and expelled into the empty SOL. The filament gradient length scale 2,3 is typical on the order of 5 À 20q s , where q s ¼ X ffiffiffiffiffiffiffiffiffiffiffi ffi T e =m i p is the cold ion acoustic gyroradius; X is the gyro-frequency, T e is the electron temperature, and m i is the ion mass. Temperature measurements in the edge and SOL regions indicate [4] [5] [6] [7] [8] [9] that the ion temperature is comparable to or higher than the electron temperature. It is, therefore, expected that finite Larmor radius (FLR) effects are of importance to the turbulent transport. 10 In most situations, a stationary equilibrium is never reached. Profiles are formed by the interplay between flows, magnetic topology, turbulence, and the conditions at the plasma edge. The characteristic time-scale for the evolution of profiles is in low-confinement (L-mode) operation an order of magnitude longer than the turbulence de-correlation time, but the two time-scales are comparable in the low to high (L-H) confinement transition and in edge-localized mode (ELM) events when large turbulent structures are expelled into the SOL. Furthermore, the characteristic gradient length-scale of the background profiles in the edge region in H-mode operation becomes comparable with the poloidal gyroradius. 11 Simulations of the edge and SOL region plasmas therefore require long time-series due to the disparate, but equally important, time-scales, high resolution due to steep gradients and large fluctuation amplitudes, inclusion of FLR effects, self-consistent evolution of the background profiles, and finally the usage fully non-linear models.
Previous gyrofluid models [12] [13] [14] [15] [16] were all partly linearized by splitting fluid fields into small-amplitude fluctuation and stationary background parts. The models were based on the partly linearized delta-F version of the gyrokinetic model. Essentially, only the E Â B-advection non-linearity was kept. In the Maxwell's equations, polarization and magnetization effects were linearized, parallel advection was likewise linearized, and gyro-averages were everywhere evaluated using a fixed background thermal gyro-radius. Previous gyrofluid models are therefore not well-suited for studying edge/SOL turbulence.
In this paper, we present a fully non-linear electromagnetic gyrofluid model consisting of continuity equations for the six first gyrofluid moments, a quasi-neutrality constraint, and the component of Ampere's law parallel to the stationary background magnetic field governing the perturbed perpendicular magnetic field. The gyrofluid model is derived from the so-called full-F gyrokinetic model which is characterized by not splitting the distribution function into background and perturbed parts. The gyrokinetic Maxwell's equations are made tractable by taking terms associated with polarization and magnetization in the long wave-length (LWL) limit. All approximations are made at the gyrokinetic level. This includes the quasi-neutrality assumption and the neglect of parallel magnetization currents in Ampere's law. The gyrofluid continuity equations are obtained by approximating the gyrokinetic distribution function as a finite order Hermite-Laguerre polynomial. A closure approximation for the zeroth order moment of the gyro-averaging operator C 1 is found by evaluating the Bessel function representation of the kinetic gyro-averaging operator using the decomposed distribution function. Closure approximations for higher order gyrofluid moments of the gyro-averaging operator are given as linear combinations of C 1 and the FLR correction C 2 to C 1 , which match to order k 2 ? q 2 . The gyrofluid model satisfies an exact energy conservation law. The energy invariant equals the a) Electronic mail: jmad@fysik.dtu.dk gyrofluid moment of the corresponding full-F gyrokinetic energy invariant. The knowledge of an exact and physically sensible energy invariant is especially important for nonlinear simulations because unintended violation of energy conservation can lead to sources or sinks of free energy.
The remainder of this paper is organized as follows. In Sec. II, the gyrokinetic Vlasov-Maxwell equations including an exact energy conservation law are derived. The Hermitte-Laguerre decomposition of the gyrokinetic distribution function and the definition of gyrofluid moment variables are given in Sec. III. The gyrofluid continuity and field equations are derived in Secs. III A and III B, respectively. Closure approximations for the gyro-averaging operators are determined in Sec. III C. The exact energy invariant satisfied by the gyrofluid model is given in Sec. III D. Finally, results are summarized in Sec. IV.
II. GYROKINETIC MODEL
The focal point of gyrokinetic theory 17 is low-frequency electromagnetic fluctuations. Gyrokinetic theory provides a self-consistent Vlasov-Maxwell system of equations in which the fast time-scale associated with the fast cyclotron motion is eliminated. In gyrokinetic theory, the elimination of the fast time-scale is accomplished by asymptotically eliminating the cyclotron motion phase coordinate h from the phase-space Lagrangian of a charged particle in an electromagnetic field. 18 The expansion parameter is given by the standard non-linear gyrokinetic ordering: q/=T $ x=X $ k k =k ? $ dB=B $ d ( 1 and k ? q i $ 1, where / denotes the electrostatic potential, dB is the fluctuating magnetic field, T is the temperature, x is the characteristic fluctuation frequency, X ¼ qB=m is the background gyro-frequency, where m and q denote mass and charge, respectively, and B is the amplitude of the background magnetic field. k k and k ? are the characteristic parallel and perpendicular fluctuation wave numbers, respectively. The asymptotic elimination of h is accompanied by the construction of an invariant _ l ¼ 0, namely, the magnetic-dipole-moment-like coordinate l. In the process of eliminating h from the charged particle Lagrangian at each order of , generating functions S n describing the purely oscillatory part of the dynamics are determined. The generating functions in combination with the gyrokinetic Lagrangian determine the gyro-center coordinate transformation ðx; mvÞ ! Z ¼ ðX; v k ; l; hÞ.
Using the one-particle gyrokinetic Lagrangian, a gyrokinetic Vlasov-Maxwell action [19] [20] [21] [22] S can be formulated which uniquely determines the gyro-center coordinate transformation, the equations of motion _ Z, the Vlasov equation, the Maxwell's equations, and conservation laws for phase-space, momentum, and energy. The general gyrokinetic Vlasov-Maxwell system is always simplified because especially the general gyrokinetic Maxwell's equations are not tractable. It is therefore desirable to carry out all simplification on the gyrokinetic action only. Variations of the simplified S therefore guarantee inter-equation self-consistency, which is otherwise cumbersome to prove and achieve.
Usually, only terms in the second order part of the gyrokinetic Lagrangian are simplified. The second order terms lead to polarization and magnetization effects in the Maxwell's equations. There are two traditional ways of simplifying the Maxwell's equations, which have different benefits and drawbacks. In the so-called "delta-F" approach, the distribution function is split into a stationary background part and a small perturbed part. In the delta-F polarization and the magnetization densities, the perturbed part of the distribution function is neglected. Only linear terms involving the stationary background part of the distribution function are retained. In this approach, arbitrary wavelengths k ? q 0 $ 1 are everywhere accounted for. Previous gyrofluid models [13] [14] [15] [16] were based on the delta-F gyrokinetic equations.
Here, we derive a gyrofluid model based on the so-called "full-F" 23 gyrokinetic Vlasov-Maxwell equations. In the full-F approach, all terms in the gyrokinetic Lagrangian density which are quadratic or higher in the electromagnetic potentials are taken in the LWL k 3 ? q 3 0 ( 1. This approximation implies that the corresponding polarization and magnetization densities entering Maxwell's equations appear in the LWL. Arbitrary wavelengths are retained in all terms linear in the electromagnetic potentials, e.g., in the gyro-averaged E Â B-drift. Contrary to the delta-F approach, no a priori assumptions are made about F. A simultaneous self-consistent treatment of turbulence and equilibrium is therefore possible in the full-F approach. We note that as a consequence of the gyrokinetic ordering q/=T $ d , the gyrokinetic model presented here is only valid for subsonic E Â B-flows.
We use a mixed Eulerian-Lagrangian 19-22 action
to derive the full-F gyrokinetic Vlasov-Maxwell equations.
The particle Lagrangian is given as
which describes a smooth continuum of particle trajectories Z a ðZ 0 ; tÞ parametrized by t; a denotes species, and B Ã k is the gyrokinetic volume-element. The particles are labeled by their initial conditions ðZ 0 ; t 0 Þ. The density of initial conditions is given by a smooth labeling function F 0a ðZ 0 ; t 0 Þ. The gyrokinetic particle Lagrangian density is taken in the symplectic formalism where the magnetic perturbation hA k i does not enter the Hamiltonian, and which leads to a numerically tractable gyrofluid Ampere's law 24
where q a and m a denote particle charge and mass, andb ¼ B=B is a unit vector directed along the background magnetic field B ¼ r Â A. The corresponding volume-element is given as
The Hamiltonian is given as
where we have defined the generalized electric potential
The gyro-averaged electric potential is defined as
where q 0a ¼ X À1 ab Â v ?a is the lowest order gyroradius vector and u E ¼ B À1b Â r/ðX a ; tÞ is the E Â B-drift. The electromagnetic field energy Lagrangian density is here given as
where l 0 is the vacuum permeability and the perpendicular part of the gradient operator is defined as r ? ¼ Àb Â ðb Â rÞ. In this article, we assume that the plasma is quasi-neutral, and hence we do not include the electric field energy in L f . 25 The gyrokinetic Lagrangian Eq. (3) has been simplified in the following ways: (I) all terms of order k 3 ? q 3 0 or higher in the second order part of the general gyrokinetic Hamiltonian have been neglected. Therefore, only the E Â B-energy contained in w, which is responsible for the important polarization effects, is retained. (II) Shear Alfv enic fluctuations are included through the magnetic perturbation A k , but compressional Alfv en waves are not. (III) All terms non-linear in the magnetic vector potential have been neglected. This approximation implies that the magnetization current density is not present in Ampere's law. (IV) Higher order terms due to inhomogeneities of the background magnetic field have been neglected.
The gyrokinetic distribution function written in terms of Eulerian coordinates Z (Refs. 19 and 22) is defined as
which can be shown to be gyro-angle independent; 26 d ð6Þ ðZÞ is the Dirac delta function. The time-evolution is governed by the gyrokinetic Vlasov equation
Species labels are omitted in the remainder of the paper.
In the equations of motion _ X and _ v k , the ratio of the generalized magnetic field B Ã to the volume-element B Ã k enters. In order to avoid ratios of the gyrokinetic velocity-like variables ðv k ; lÞ in the forthcoming derivation of the gyrofluid model, we take
where we neglect the second order contribution hA k ir Âb for the sake of simplicity. Using this expansion, a variation of S with respect to X a gives the gyro-center velocity
and a variation of S with respect to v ka gives the parallel gyro-center acceleration
Variation of S with respect to /ðrÞ yields the quasineutrality constraint X
The last term in Eq. (13) is the polarization charge density which originates from E Â B-energy term Àmu 2 E =2 in the gyrokinetic Hamiltonian Eq. (4). We note that energetic consistency is guaranteed by everywhere retaining the second order part Àmu 2 E =2 of w in the equations of motion _ X and _ v k . In gyrokinetic models, the polarization charge represents the polarization drift. 17 The LWL approximation of the second order Hamiltonian therefore implies that FLR corrections 10 to the polarization drift are neglected.
Similarly, variation of S with respect to A k results in the parallel component of Ampere's law
Again, we emphasize that the magnetization current does not appear. Therefore, no terms quadratic in the parallel magnetic potential appear in the equations of motion (11) and (12) in order to ensure energetic consistency. The corresponding energy-invariant for the Vlasov-Maxwell system is
which consists of the magnetic field energy, the perpendicular and parallel thermal energy, and the E Â B-energies, respectively. Note that the electric field energy is absent in as a consequence 25 of replacing Gauss's law by the quasineutrality condition Eq. (13) .
III. GYROFLUID MODEL
The gyrofluid model rests on the gyrokinetic model. It is obtained by taking gyrofluid moments of the gyrokinetic Vlasov equation (9) and by expressing the quasi-neutrality condition Eq. (13) and Ampere's law (14) in terms of these gyrofluid moments. The gyrofluid moments are defined as
Note that the volume-element in previous linearized gyrofluid models was approximated taking B Ã k ' B. In this article, we derive equations governing the time evolution of the first six gyrofluid moments
In order to close the fluid hierarchy and guarantee consistency, we express the gyrokinetic distribution function as a finite dimensional Hermite-Laguerre polynomial 27, 28 in ðv k ; lÞ space
where
is a shifted gyrokinetic Maxwellian and
The gyrofluid temperatures are defined as T ? ¼ P ? =N and T k ¼ P k =N. Higher order moments entering the gyrofluid moments equations are evaluated using the Hermite-Laguerre decomposition given in Eq. (18)
A. Moment equations
The gyrofluid moment equations are obtained by taking integrals of the form Ð dldv k dh l l v k k of the gyrokinetic Vlasov equation (9) 
Equations (23) Equations governing the individual gyrofluid moments can be obtained by inserting the lower order gyrofluid moments, e.g., inserting the gyro-center density continuity equation (22) into the parallel gyro-center momentum continuity equation (23) . Dissipative mechanisms are not explicitly added to the moment equations in this work but are simply represented by the "K" terms on the right hand sides of Eqs. (22)- (27) . In previous local gyrofluid models, terms modeling kinetic collisionless dissipation mechanisms, such as Landau damping, non-linear FLR phase mixing, and grad-B and curvature drift phase-mixing are added 14, 29 to the moment equations in a way which mimic the linear response of the kinetic plasma dispersion function. Different sets of closure coefficients were used close to and away from stability threshold in order to mimic the linear kinetic response satisfactorily. Since full-F gyrokinetic models and the global gyrofluid model are fully non-linear, the linear methods used in previous local gyrofluid models are not applicable here. Collisional effects have also been added to local gyrofluid models in an ad-hoc manner. 14, 16 A correct inclusion of collisions in gyrofluid models, local and global, is troubled by the fact that collisions take place between particles and not between gyro-centers. Particle collision operators must be expressed in terms of gyro-center positions and velocities, and an explicit gyroaverage must be carried out. The resulting gyro-averaged gyrokinetic collision operator is very complex and cannot readily be simplified without breaking conservation of particles, momentum, and energy. 30 To the knowledge of the author, no gyrokinetic collision operator in the full-F approximation has been derived. A collisional closure of the gyrofluid model presented here is therefore left for future work. The "K" terms can also represent sinks, sources, and terms added when solving the model equations numerically. The K's are kept in order to show how they enter the conserved energy given in Sec. III D, which is not only important for the physical understanding of the model, but is also a good indicator of accuracy in numerical simulations.
All terms involving the gyro-averaging operator are left unspecified. Closure approximations for these terms are discussed and derived in Sec. III C.
B. Field equations
The quasi-neutrality constraint (13) and Ampere's law (14) are evaluated using the Hermite-Laguerre decomposition Eq. (18) . Evaluating the gyro-center integrals using the Dirac delta functions, we get
In both equations, closure approximations of the terms involving the gyro-averages of the distribution function F are needed. Closure approximations are given in Sec. III C.
C. Closure approximations for gyro-averaging operators
In this section, we determine closure approximations for the gyro-averaging operators appearing in the gyrofluid moment equations (22)- (27) and in the field equations (28) and (29) . The closure approximations are most easily obtained when gyro-averaged functions are expressed in terms of their inverse Fourier transform
because the gyro-averaging operator in wave number space is the zeroth order Bessel function of the first kind J 0 . In gyro-center space, J 0 translates into a linear differential operator. The series expansion of the n'th Bessel function is
The Bessel function arguments k ? q 0 depend on the gyrocenter position X and the magnetic-dipole-moment-like coordinate l through the amplitude of the zeroth order gyro-
. Moments involving the gyroaveraging operator therefore require an infinite set of moments, and hence closure approximations are required.
Before discussing explicit closure approximations, we note that the effects of the gyro-averages appearing in the gyrokinetic equations of motion Eqs. (11) and (12) and in the gyrokinetic field equations (13) and (14) are different. In the equations of motion, the gyro-averaging operator describes that charged particles, not gyro-centers, interact with the electromagnetic fields. Effectively, the gyroaveraging operator takes particle position-dependent potentials, e.g., /ðxÞ, into gyro-averaged gyro-center-dependent potentials, e.g., h/iðX; lÞ, that interact with gyro-centers. In the field equations, the gyro-averages give the averaged contributions to the charge density at a given position r from gyro-centers whose gyro-orbits intersect r. Here, the gyroaveraging operator provides the charge contribution at position r of the gyro-center dependent distribution function F(X).
In order to investigate how the two different gyroaveraging operations emerge in gyrofluid models, we evaluate the gyrofluid moment of the gyro-averaged electric potential using the Bessel function series expansion Eq. (31) and the Hermite-Laguerre decomposition Eq. (18)
where q 2 ¼ T ? =ðmX 2 Þ. Note that T ? entering C 1 is not fixed at a constant reference temperature as in linearized gyrofluid models. 13, 16 Similarly, the gyrofluid moment of the gyroaveraging operator entering the quasi-neutrality constraint Eq. (13) becomes khFðr À q 0 Þi=F k¼ ðN þ r 2 ? ðNq 2 =2Þ þ Á Á ÁÞ;
where we emphasize that r 2 ? acts on q and N because the distribution function itself is gyro-averaged. Comparing the gyrofluid moments shows that the gyrofluid gyro-averaging operators are Hermitian adjoint, 31 and hence we can write the gyro-average in Eq. (33) as khFðr À q 0 Þi=F k¼ C † 1 N:
We note that in local models, the coefficients in C 1 are held constant and C 1 is therefore Hermitian. For the parallel current in Ampere's law (14) , we get
In the equations of motion Eqs. (11) and (12) , the electromagnetic potentials are everywhere operated on by a gradient operator. In order to evaluate gyrofluid moments of these terms, the distribution F and the Bessel function J 0 must appear together
where the identity dJ 0 ðzÞ=dz ¼ ÀJ 1 ðzÞ was used. The second term is evaluated using a trick 13 k k ? q 0 J 1 k% À @ @b b¼1 k J 0 ðk ? q 0 bÞ k¼ À2NC 2 ;
C 2 is associated with deviations from a circular gyro-orbit due to variations of the perpendicular temperature T ? and the background magnetic field B. The behavior of C 1 and C 2 in the limit of zero Larmor radius is therefore fundamentally different in the sense that C 1 ! 1 for q ! 0 whereas C 2 ! 0 in the same limit. Terms involving the gyro-averaged electromagnetic potentials in the higher order moment equations are dealt with in the following way. The gyrofluid moments are evaluated using the Bessel function series expansion Eq. (31) and the distribution function decomposition Eq. (18), e.g., klBh/ik% P ? ð1 þ q 2 r 2 ? þ Á Á ÁÞ/;
which neither match C 1 nor C 2 . For such terms, we simply combine C 1 and C 2 such that the series expansion match to order k 2 ? klBh/ik ¼ :
In order to ease the forthcoming derivation of the conserved energy and to ease comparison with previous gyrofluid equations, we choose to arrange the electromagnetic potentials together with the gyro-averaging operators. As an example, Eq. (36) becomes
The remaining closure approximations for gyroaveraging terms are
Terms involving / and A k are evaluated in the same way
Note that the terms involving two gyro-averages have not been simplified as in Ref. 15 . So far, no explicit choice for the gyro-averaging operators C 1 and C 2 has been given. One particular choice is to use the Pad e approximant
(55) which is easily implemented in numerical codes 13 and is well behaved at large k ? q. Using the definition Eq. (38), the Pad e approximant for C 2 becomes
The moment equations (22)- (27) together with the field equations (28) and (29) form a closed model when the gyroaveraging closure approximations are inserted. The model is based on the full-F gyrokinetic model given in Sec. II. In the delta-F approximation of the gyrokinetic equations, the gyrokinetic distribution function is split into background and perturbed parts, whereas the full distribution function is retained in the full-F approximation. The two approximations otherwise only differ in how polarization and magnetization densities are simplified. In the delta-F approximation, only the background part of the distribution function is retained in the polarization and magnetization terms. The full distribution function is everywhere retained in the full-F approximation, but the polarization and magnetization terms are taken in the LWL limit. The delta-F and the full-F models therefore agree if the polarization and magnetization terms in the delta-F model are taken in the LWL limit, and the distribution function in the full-F model is split into background and perturbed parts, and the perturbed part of the distribution function is discarded in the polarization and magnetization terms. In Ref. 32 , it is shown that local delta-F gyrokinetic based gyrofluid models are supersets of local low-frequency drift-fluid models. The gyrofluid gyro-averaging operators C 1 and C 2 agree in the LWL with the corresponding operators in Ref. 32 when evaluated at constant background temperatures and magnetic field strength. The global gyrofluid model presented here is therefore also a superset of local drift fluid models. We expect that a similar correspondence exists between global drift fluid models 33 and the global gyrofluid model presented here. However, proving this assertion will require a substantial amount of further work because of the non-linear nature of the field equations, and is therefore left for future work.
D. Energy conservation
In this section, we present the conserved energy of the gyrofluid model. The energy conservation law is
The energy E is obtained by inserting the Hermite-Laguerre decomposition Eq. (18) into the gyrokinetic energy conservation law Eq. (15)
The energy consists of the E Â B-energy density, the parallel kinetic energy density, the parallel and perpendicular internal energy densities, and the perturbed magnetic field energy density, respectively. The dissipative effects K originating from the unspecified dissipative terms on the right hand sides of the gyrofluid moment equations (22)-(27) are given by
where v ¼ C 1 / À mu 2 E =e is the gyrofluid generalized electric potential.
The energy conservation law is exactly obeyed by the gyrofluid moment equations (22)- (27) and the gyrofluid field equations (28) and (29) in the combination with the closure approximations given in Sec. III C. The energy conservation law Eq. (57) is proved by explicitly evaluating the time derivative of E using the gyrofluid moment equations (22)- (27) and the gyrofluid field equations (28) and (29) . The evaluation is mostly straightforward and follows the same path as in local gyrofluid models. 34 The only term in E which requires special attention is the E Â B-energy part. Multiplying the quasi-neutrality constraint Eq. (28) by the electric potential / and performing partial integration, 31 we get
Terms quadratic in / cancel. The remaining terms, except non-specified dissipative terms, are canceled by terms in the internal and parallel kinetic energy terms of E which depend on / and A k . We note that the exact conservation of the energy invariant E is independent of the choice of C 1 provided that C 2 is given by Eq. (38).
IV. CONCLUSIONS
In summary, we have derived a non-linear electromagnetic six-moment gyrofluid model based on the full-F version of gyrokinetics. The time evolution of the gyrofluid moments is governed by Eqs. (22)-(27), the quasi-neutrality constraint is given in Eq. (28) , and the parallel component of Ampere's law for the perturbed perpendicular magnetic field is given in Eq. (29) . Closure approximations for all terms involving gyroaveraging are found in Eqs. (41) and (43)-(54). No terms in the gyrofluid model have been linearized including gyroaveraging operators, the quasi-neutrality constraint, and Ampere's law. The model is therefore suited for qualitative studies of basic mechanisms such as the interplay between the small scale turbulence, sub-sonic large scale flows, and dynamically evolving profiles. The fluid hierarchy is closed by taking the gyrokinetic distribution function as a finite dimensional Hermite-Laguerre polynomial in the parallel gyro-center velocity and the magnetic-dipole-moment-like coordinate having the gyrofluid moments retained in the model as coefficients. The quasi-neutrality constraint, Ampere's law, and the closure approximations of terms involving the gyro-average are calculated using the decomposed gyrokinetic distribution function. The exactly conserved energy invariant therefore equals the gyrokinetic energy conservation law evaluated with the decomposed gyrokinetic distribution function.
We would like to emphasize that to our knowledge the model presented here is the first published global gyrofluid model. Global fluid models including FLR effects were derived by Strintzi et al. in Refs. 31 and 35. The models were based on a constructed fluid Lagrangian and were derived using a constrained variational principle. These models were also termed gyrofluid models. However, the fluid moment variables in the global model by Strintzi et al. are not gyrofluid moments as defined in Eq. (16) , but are standard velocity moments
which only equal the gyrofluid moment Eq. (16) to zeroth order on the gyrokinetic smallness parameter d . 10, 24, 36 Therefore, the moment equations in Strintzi's model have non-physical diamagnetic advection terms which are eliminated by hand after performing the constrained variation. Diamagnetic advection terms do not enter gyrofluid models because the gyro-viscous cancellation problem is bypassed 24, 36 using gyrokinetic theory.
